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SECTION  1 

INTRODUCnON/BACKGROUND 


As  the  usage  of  engineering  plastics  increases,  the  desire  for  better  understanding  of  the 
plastic  material  behavior  increases.  In  addition  to  basic  material  mechanical  properties  such  as 
tensile  strength,  tensile  modulus,  etc.,  it  is  desirable  to  understand  the  effect  of  flaws  on  material 
behavior,  and  to  understand  joining  techniques  such  as  welding,  bonding,  and  fastening  with  bolts 
or  rivets.  Flaws  include  inclusions,  scratches,  machined  surfaces,  rough  surfaces  etc.  Fasteners 
are  often  used  to  join  plastics  to  plastics  or  other  materials.  Fasteners  require  that  holes  be  made 
in  the  plastic.  These  holes  and  holes  made  in  the  plastic  for  other  reasons  are  potential  failure 
locations  as  they  can  be  thought  of  as  flaws  in  the  material  which  result  in  stress  concentrations. 
One  of  the  uses  of  plastics  for  the  USAF  is  aircraft  transparencies,  which  are  typically  bolted  to 
the  aircraft  These  transparencies  are  subject  to  flight,  thermal,  and  aerodynamic  loadings,  which 
independently  or  in  conjunction  with  chemicals  can  cause  fatigue  cracking  at  the  fastener 
locations*’^. 

In  this  effort,  testing  was  conducted  to  evaluate  different  techniques  of  hole 
fabrication/treatment  for  polycarbonate.  While  much  work  in  this  area  has  been  conducted  for 
metals,  essentially  no  published  work  exists  for  pla.stics. 


SECTION  2 

PROGRAM  OBJECTIVE/SCOPE 


The  objective  of  this  effort  was  to  identify  hole  fabhcation/treatment  techniques  which 
had  potential  for  improving  fatigue  life,  static  strength,  fracture  toughness,  and  fatigue  crack 
growth  properties  for  polycarbonate.  As  part  of  this  effort,  a  number  of  different  hole 
fabrication/treatment  techniques  for  polycarbonate  which  had  potential  for  improving  the 
properties  listed  above  were  identified  and  eight  of  these  identified  techniques  were  evaluated. 
This  evaluation  consisted  of  tensile  testing  and  tension-tension  fatigue  testing  of  unflawed 
dogbone  polycarbonate  specimens  as  well  as  tensile  residual  strength  testing  and  tension-tension 
fatigue  testing  of  rectangular  specimens  with  a  hole  at  the  center  of  the  specimen. 
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SECTTION  3 

LITERATURE  SEARCH  AND  INVESTIGATION  OF  HOLE  DRILLING 

A  literature  search  was  made  using  the  NASA.  COMPENDEX,  and  Chemical  Abstracts 
data  bases.  Subject  areas  included  hole  drilling/fabrication  techniques  and  fatigue,  fracture,  and 
tensile  testing  of  spec*'>''-us  with  flaws  or  holes.  The  majority  of  the  information  in  the  data 
bases  was  for  metaL.  Information  on  fabricating/treating  holes  to  improve  engineering  properties 
for  plastics  was  virtually  non-existent.  Many  of  the  concepts  which  have  been  used  to  improve 
fatig'>e  life,  static  strength,  fracture  toughness,  and  fatigue  crack  growth  for  metals  are  applicable 
to  plastics. 

There  are  a  number  of  good  reviews  of  fatigue  testing  of  polymers  ,  and  there  are  a 
number  of  papers  specifically  dealing  with  fatigue  of  polycarbonate^  ’^.  Tayebi  and  Agrawal 
studied  the  effects  of  stress  concentrations  around  holes  in  polycarbonate'*.  They  reported 
significant  reductions  in  effective  breaking  stress  for  rectangular  bar  tensile  specimens  with  a  hole 
drilled  in  the  center.  There  is  a  very  large  body  of  data  in  the  literature  for  fatigue  testing  of 
metals  and  other  materials.  A  number  of  techniques  have  been  investigated  and  reported  on  for 
increasing  fatigue  life  and  improving  fatigue  crack  initiation  and  growth  properties  for  both 
specimens  and  engineering  systems  which  have  open  holes  (not  loaded  by  a  lug  or  fastener)  or 
loaded  holes  Goaded  by  a  lug  or  fastener). 

There  are  basically  four  areas  in  which  efforts  to  increase  service  life  and  strength  around 
holes  in  engineering  materials  can  be  focused.  These  four  areas  are  surface  finish  of  the  hole, 
residual  stress  in  hole  vicinity,  heat  or  chemical  affected  zone  in  hole  vicinity,  and  mechanical 
additions  to  the  hole  surface  or  vicinity  such  as  bonded  patches  and  washers  or  bushings.  It 
should  be  noted  that  there  can  be  synergistic  effects  between  these  four  areas.  Surface  finish  is 
a  function  of  the  hole  fabrication/treatment  technique  and  determines  flaw  size  and  the  effective 
stress  concentration  factor  associated  with  the  hole.  Typically  fatigue  life  and  residual  strength 
are  believed  to  increase  with  increased  surface  smoothness,  both  for  holes  and  free  edges  of 
structural  components  (see  Figure  1  for  a  conceptual  example);  however,  some  materials  are 
somewhat  insensitive  to  surface  smoothness,  and  it  is  expected  that  there  is  a  limit  beyond  which 
increases  in  smoothness  do  not  result  in  great  improvements  in  fatigue  life.  An  example  of  the 
effect  of  crack  length  (flaw  size)  on  residual  strength,  taken  from  testing  of  metal  specimens,  is 
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show’'  In  Figure  2.  It  should  be  noted  that  surface  rougiiness  can  be  thought  of  as  a  crack  (or 

flaw)  of  some  finite  length,  such  that  specimens  with  different  surface  roughnesses  can  be 

thought  of  as  specimens  with  different  "c'ack"  lengths.  Residual  stress  may  be  present  in  the 

material  prior  to  fabrication  of  the  hole,  or  it  may  be  caused  by  the  hole  fabrication/treatment 

technique.  The  heat  affected  zone  is  a  function  of  cutting  tool  speed,  feed,  and  sharpness,  as  well 

as  post  fabrication  treatments.  The  chemical  affected  zone  is  a  function  of  the  cutting  lubricant  ‘ 

or  post  fabrication  polishing  or  chemical  treatment.  Mechanical  additions  to  the  hole  surface  or 

interior  change  the  load  path  through  the  hole,  possibly  resulting  in  a  lower  stress  concentration 

factor.  Table  1  lists  the  specific  potential  hole  fabrication/treatment  techniques  identified.  , 

Both  surface  finish  and  the  disturbed  or  worked  state  of  the  hole  surface  layer  are 
discussed  by  Forsyth  for  metallic  specimens  with  an  open  hole'^.  For  open  hole  specimens, 

Jarfall  and  Magnusson  found  no  correlation  between  surface  roughness  and  fatigue  performance  ^ 

for  holes  made  with  the  same  machining  technique^®.  Others  have  shown  that  hole  surface 

roughness  features  such  as  rifling  (spiral)  marks,  drill  chatter,  etc.  do  not  adversely  affect  fatigue 

performance,  while  axial  surface  roughness  features  such  as  axial  scratches  and  score  marks  along 

the  bore  of  the  hole  cause  early  initiation  of  cracks  and  reduced  fatigue  lives,  and  that  surface  * 

roughness  below  a  certain  value  does  not  increase  fatigue  performance^ Similar  findings 

were  reported  by  Noronha  et  al ;  in  addition,  they  reported  significant  improvement  in  fatigue 

performance  of  open  hole  specimens  and  low  load  transfer  specimens  with  improved  drilling  , 

techniques  which  included  rotation  of  the  drill  upon  retraction  from  the  hole  to  reduce  axial 

scratches;  they  reported  that  drilled  holes  may  be  slightly  better  than  reamed  holes  as  removal 

of  the  reamer  can  contribute  to  axial  scratches;  and,  they  reported  that  open  holes  drilled  using 

non-standard  production  techniques  behaved  only  slightly  worse  than  properly  drilled  holes  when 

tested  in  fatigue^.  Findings  summarized  by  Coombe  were  that  for  opien  hole  specimens  and  for 

interference  fit  fastener  loaded  holes,  hole  quality  does  not  affect  fatigue  life,  but  for  interference 

fit,  interference  is  critical  .  Mann  et  al.,  found  no  difference  in  fatigue  life  for  clearance  fit  lug  » 

loaded  holes  as  a  function  of  surface  finish^^. 

Fjelstad  reported  that  electrochemical  deburring  of  printed  wiring  boards  can  result  in 
rounding  of  sharp  comers  of  holes  in  the  board,  in  turn  resulting  in  lower  stress  concentrations  t 

and  increased  fatigue  lifc^^. 
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Figure  2.  Influence  of  Crack  Length  on  Residual  Strength,  from  Testing  of  Metals 


Table  1.  Potential  Hole  Fabrication  and  Treatment  Techniques 


HOLE  FABRICATION  TECHNIQUES: 

1.  Standard  Twist  Drill 

2.  End  Mill 

3.  Boring  Bar 

4.  Drills,  Mills,  and  Boring  Bars  with  various  geometries  and  materials 

5.  Step  Drill  with  (1)  through  (4) 

6.  Methods  (1)  through  (S)  with  Coolant 

7.  Standard  Drill,  then  Ream 

8.  Ultrasonic  Hole  Drilling 

9.  Water  Jet  Cutter 

10.  Laser  Cutter 

1 1 .  Electric  Discharge  Machining  (EDM) 

12.  Methods  (1)  through  (11)  with  Radiused  Entry  and  Exit 

13.  PPG  Hole  Drilling  Technique 


HOLE  TREATMENT  TECHNIQUES: 

1.  Mechanical  Polish 

2.  Chemical  Polish 

3.  Anneal  Specimen 

4.  Quench  specimen 

5.  Cold  Work 

Tapered  pin  with  or  without  bushing 
Ballizing 

6.  Stress  Coining 

7.  Shot  Peening 

8.  Dimpling 

9.  Interference  Fit  Bushing 

10.  Polymer  Coating 


» 


Adhesive  bonding  of  fasteners  or  sleeves  into  holes  has  been  shown  to  decrease  stress 
concentration  and  stress  intensity  factors  and  increase  fatigue  life  of  lug  loaded  holes  in 
aluntinutn  specinaens,  including  those  which  have  all  ready  cracked^'^®. 

A  transverse  normal  pressure  in  the  vicinity  of  a  hole  in  sheet  molding  compound, 
induced  by  using  a  bolt  with  washers  on  each  end  to  create  a  clamping  force,  was  shown  to 
increase  tensile  static  strength  and  fatigue  life  of  an  open  hole  (no  load  applied  to  the  hole 
surfaces)  specimen^*. 

Shewchuk  and  others  reported  on  a  dimpling  technique  used  for  sheet  metals  which  cold 
works  the  material  in  the  vicinity  of  the  hole  and  results  in  increased  fatigue  life  for  fastener 
joined  sheet  metal  specimens^^’^^. 

There  is  a  significant  body  of  literature  dealing  with  cold  working  of  holes  to  improve 
fatigue  life  and  fatigue  crack  growth  performance.  Stress  coining  techniques  were  reported  by 
Speakman  .  Other  cold  working  techniques  are  summarized  by  Phillips  and  Champoux  . 
A  large  number  of  papers  deal  with  specific  applications  of  coldworking,  a  sampling  of  which 
are  referenced  herein^^’^*'^^.  In  addition,  significant  theoretical  treatment  of  coldworking  has 
been  conducted  along  with  measurement  of  induced  stresses,  a  sampling  of  which  are  referenced 

herein'^-^e 

Shot  peening  has  been  used  extensively  for  automotive  and  aerospace  applications. 
General  summaries  of  shot  peening  with  many  references  have  been  published  by  the  Society  of 
Automotive  Engineers^^,  and  by  the  Metal  Improvement  Company  in  a  trade  publication^*.  A 
brief  summary  of  theory  and  application  is  included  in  a  company  brochure  by  Pangbom^’.  Shot 
peening  of  metal  parts  is  covered  by  a  Military  Specification,  MIL-S-13165C^. 

The  most  common,  basic,  and  inexpensive  technique  of  fabricating  holes  in  engineering 
materials  is  drilling.  As  this  technique  was  considered  to  be  the  baseline  against  which  other 
fabrication/treatment  techniques  would  be  measured,  a  limited  investigation  of  hole  drilling  as 
a  stand-alone  topic  was  conducted.  Based  on  an  evaluation  of  hole  drilling  and  machining 
techniques  for  polycarbonate  by  UDRI^^  and  on  work  conducted  at  UDRI  in  the  development 
of  a  technique  for  measuring  residual  strain  in  plastics  using  the  strain  gage  hole  drilling 
technique^^,  the  standard  twist  drill  was  chosen  as  the  technique  for  producing  all  holes  in  the 
test  specimens.  Figure  3,  reproduced  from  Reference  62,  shows  induced  machining  strain  in  cast 
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Machining  Induced  Microstrain 

Averaged  Absolute  Values 


Figure  3.  Machining  Induced  Strain  for  Cast 


acrylic  for  a  standard  twist  drill,  a  carbide  cutter,  a  lubricated  carbide  cutter,  a  relieved  end  null, 
and  a  high  speed  carbide  cutter.  The  induced  strain  caused  by  drilling  a  hole  with  a  standard 
drill  was  4  to  200  times  smaller  for  the  standard  twist  drill  than  for  the  other  types  of  tools. 
While  multiple  drill  tools  and  machining  tools  exist,  evaluation  of  these  was  beyond  the  scope 
of  this  program. 

Prior  to  drilling  holes  in  each  of  the  specintens,  a  brief  evaluation  of  the  effect  of  hole 
drilling  parameters  on  induced  residual  stress  was  conducted.  A  matrix  of  holes  were  drilled  in 
a  ten  inch  square  blank  of  polycarbonate,  with  feed  rate/RPM  combinations  including  feed  rates 
of  0.0015,  0.003,  and  0.006  inches  per  revolution  and  tool  speeds  between  50  and  2500  RPM. 
The  holes  were  drilled  in  a  Bridgeport  vertical  milling  machine.  The  procedure  was  as  follows: 
the  holes  were  initiated  with  a  No.  3  centering  drill  and  then  a  new  0.250-inch  high  speed  drill, 
general  purpose,  manufactured  by  Cleveland  Drill  Company  was  used  in  the  machine  with 
constant  RPM  and  constant  automatic  feed.  After  allowing  the  blank  of  material  to  relax  for  24 
hours,  stress  in  the  vicinity  of  the  holes  was  estimated  by  viewing  the  vicinity  of  the  hole  using 
polarized  sheets  on  the  front  and  back  of  the  specimen.  Fringe  orders  were  counted  and  stress 
was  calculated  using  a  fringe  order  constant  of  150  psi.  The  lowest  induced  stress  was  for 
specimens  drilled  at  the  lowest  tool  speed;  no  gross  differences  in  residual  stress  were  discemable 
between  the  different  feed  rates.  The  effect  of  tool  speed  on  residual  stress  is  shown  in  Figure 
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as  a  Function  of  Drilling  Parameters 


SECTION  4 

CHOICE  AND  DESCRIPTION  OF  HOLE  FABRICATION/TREATMENT  TECHNIQUES 


The  techniques  chosen  for  evaluation  are  discussed  below.  These  techniques  cover  a 
broad  spectrum  of  the  potential  techniques  from  Table  1 .  Many  of  the  techniques  shown  in  Table 
1  were  considered  to  be  too  exotic  and  expensive  for  this  program,  or  not  suited  for  plastics. 

Hole  fabrication/treatment  techniques  chosen  for  evaluation  in  this  program  are  as  follows: 

[Notes:  AU  holes  were  started  with  a  centering  drill  except  those  drilled  by  PPG,  and  a  new  drill 
bit  was  used  for  each  different  group  of  holes  except  as  noted.] 

Group  1.  Holes  were  drilled  in  a  Bridgeport  vertical  milling  machine  with  a  constant 
speed  of  60  RPM  and  a  constant  feed  rate  of  O.OOIS  inches/revolution,  using  a  new  0.250  inch 
general  purpose  high  speed  steel  standard  twist  drill  from  Cleveland  Drill  Company.  This 
technique  represented  the  highest  quality  most  controlled  single  step  production  of  holes.  The 
shape  of  the  standard  twist  drill  evolved  over  the  early  history  of  machining  of  materials,  and  has 
remained  essentially  unchanged  for  many  years. 

Group  2.  Holes  were  step  drilled  with  technique  1  using  a  new  0.242  inch  drill  first  and 
then  a  new  0.250  inch  drill.  Step  drilling  decreases  the  amount  of  material  which  must  be 
removed  with  each  cut,  which,  in  turn,  reduces  the  heat  affected  zone  surrounding  the  hole. 

Group  3.  Holes  were  drilled  using  technique  1,  then  the  entry  and  exit  comers  of  the  hole 
were  radiused  with  a  modified  counter  sink  which  had  a  1/32  inch  radius  and  a  0.250  inch  pilot 
mounted  in  a  drill  press  with  a  stop  counter  sink  to  control  depth  of  cut  and  run  at  approximately 
200  rpm  with  manual  feed.  The  surfaces  of  the  holes  were  shot  peened  by  Metal  Improvement 
Inc.  with  various  shot  sizes  and  intensities  as  shown  in  Table  3.  Shot  peening  can  be  used  to 
relieve  residual  stresses,  or  to  impart  compressive  residual  stresses  which  tend  to  retard  crack 
initiation  and  crack  growth.  The  entry  and  exit  comers  of  the  hole  were  radiused  to  allow  shot 
peening  of  the  hole  comers. 

Group  4.  Holes  were  drilled  by  PPG  Industries,  using  a  new  0.250  inch  general  purpose 
high  speed  steel  standard  twist  drill  and  a  proprietary  hole  drilling  technique  which  they  have 
developed  specifically  for  drilling  polycarbonate  aircraft  transparencies.  They  have  reported  a 
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substantial  increase  in  birdstrike  resistance  of  F-1 1 1  ADBIRT  windshield  transparencies  with  this 
technique  over  standard  hole  drilling  techniques. 

Group  S.  Holes  were  drilled  using  technique  1.  and  were  then  polished  by  inserting  a 
cotton  swab  soaked  in  toluene  into  the  hole  and  rotating  the  swab  five  times,  and  then  inserting 
the  swab  into  the  hole  from  the  other  side  and  rotating  the  swab  five  times.  Chemical  polishing 
techniques  potentially  could  be  used  to  reduce  burrs  and  minor  surface  irregularities  at  minimal 
cost.  Solvents  can  be  used  to  polish  the  surface  by  dissolving  burrs  and  softening  the  surface 
material,  allowing  irregularities  to  be  smoothed  out.  Care  must  be  taken  not  to  contaminate  the 
specimens  and  not  to  apply  the  chemicals  to  specimens  with  high  residual  stresses,  as  crazing 
would  result.  A  number  of  candidate  chemicals  were  identified  as  possible  choices  for  polishing 
the  holes.  These  candidates  included  THF,  MEK,  acetone,  methylene  chloride,  and  toluene. 
Dichloro-Methane  was  used  to  solvent  polish  machined  edges  in  Reference  61  in  an  attempt  to 
increase  craze  resistance  of  the  machined  edge.  No  noticeable  improvement  in  solvent  resistance 
was  detected,  however  the  edges  did  become  glassy  smooth.  Polycarbonate  is  at  least  partially 
soluble  in  all  of  these  chemicals. 

Group  6.  Holes  were  drilled  using  technique  1 ,  then  cold  worked  using  the  setup  shown 
in  Figure  S  by  pushing  a  vaseline  lubricated  0.2812  inch  diameter  tapered  pin  through  the  hole. 
Some  developmental  work  was  conducted  to  choose  an  appropriate  amount  of  interference  (12.5 
%  was  chosen),  but  no  effort  was  made  to  optimize  the  interference.  Interferences  of  2  to  4  % 
are  common  for  aircraft  grade  aluminums,  where  the  yield  strain  is  on  the  order  of  0.5  %.  For 
polycarbonate  the  actual  yield  strain  is  defined  in  different  ways  by  different  people.  Herein  it 
is  defined  as  the  strain  which  corresponds  to  the  yield  stress,  where  the  yield  stress  is  the  first 
stress  peak  in  the  stress  strain  curve.  For  static  strain  rates,  the  nominal  yield  stress  for 
polycarbonate  is  95(X)  psi  and  the  corresponding  yield  strain  is  8%.  Cold  working  is  one  of  the 
most  promising  techniques  and  has  been  studied  extensively  for  metals.  Cold  working  results 
in  compressive  stresses  at  the  surfaces  of  the  hole,  which  tend  to  retard  crack  initiation  and  crack 
growth. 

Group  7.  Holes  were  drilled  using  technique  1,  then  the  entry  and  exit  comers  of  the  hole 
were  radiused  with  a  modified  counter  sink  which  had  a  1/32  inch  radius  and  a  0.250  inch  pilot 
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mounted  in  a  drill  press  with  a  stop  counter  sink  to  control  depth  of  cut  and  run  at  approximately 
200  rpm  with  manual  feed.  Sharp  comers  are  generally  associated  with  high  stress 
concentrations.  Removing  the  sharp  comers  by  radiusing  the  hole  entry  and  exit  reduces  the 
stress  concentration  at  these  locations. 

Group  8.  Holes  were  drilled  manually  using  a  0.250  inch  general  purpose  high  speed 
steel  standard  twist  drill  from  the  machinist’s  tool  box  with  a  high  speed  air  drill  at  a  nominal 
speed  of  3640  RPM.  This  technique  was  considered  representative  of  typical  field  or  shop 
drilling  of  holes  by  hand.  Hand  drilling  with  the  standard  twist  drill  is  the  most  basic  and 
inexpensive  technique  for  producing  holes  in  plastics. 

Extruded  polycarbonate  sheet  has  residual  compressive  stresses  at  the  surface  which  may 
result  in  an  increase  in  various  engineering  properties  such  as  fatigue,  fatigue  crack  growth, 
fracture  toughness,  and  toughness  during  tensile  testing.  These  residual  stresses  can  be  removed 
by  annealing  the  polycarbonate.  It  is  well  established  that  thermal  history  affects  many  properties 
of  polycarbonate^^'^*;  yield  strength  increases  with  annealing,  and  toughness  (or  elongation) 
decreases.  The  majority  of  the  test  specimens  from  this  program  were  fabricated  directly  from 
the  extruded  sheet  with  no  additional  thermal  treatment;  however,  a  number  of  tensile  dogbone 
specimens  and  several  specimens  with  holes  were  annealed  as  per  the  thermal  profile  shown  in 
Figure  6,  to  evaluate  the  effect  of  annealing  on  tensile  fatigue  properties. 
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Figure  6.  Temperature  Profile  to  Anneal  Specimens 


SECTION  5 

TEST  ARTICLE,  SPECIMEN  FABRICATION  DESCRIPTION.  AND  TEST  MATRDC 


The  material  used  for  all  testing  conducted  in  this  program  was  removed  from  a  single 
86  inch  x  86  inch  x  0.25  inch  sheet  of  aircraft  grade  polycarbonate  Tuffak  sheet  manufactured 
by  Rohm  and  Haas  to  meet  Mil-P-83310.  The  polycarbonate  molecular  weight  of  two  samples 
from  the  sheet  were  characterized  by  UDRI;  sample  1:  M„  =  15166,  =  31008,  =  48908; 

sample  2:  =  16132,  =  31299,  =  48184.  The  material  was  subjected  to  no  special 

conditioning  except  as  noted  in  Section  4  for  annealed  specimens.  The  tensile  dogbone  specimen 
designs  used  are  shown  in  Figures  7-10.  At  certain  stress  levels,  the  tensile  dogbone  specimens 
consistently  failed  outside  of  the  gage  length  during  fatigue  testing.  Initially  specimen  design 
was  thought  to  play  a  role  in  the  failure  outside  the  gage  section,  and  several  designs  were  tested 
with  no  change  in  the  failure  mode  (failure  was  still  consistently  outside  the  gage  section  at 
certain  stress  levels).  A  more  complete  discussion  of  this  phenomenon  is  included  in  Section  8. 
The  specimen  design  for  the  rectangular  specimens  with  holes  is  shown  in  Figure  11.  The 
specimens  were  fabricated  in  the  UDRI  experimental  fabrication  shop.  The  specimens  were 
blanked  out  using  a  bandsaw.  The  dogbone  specimens  were  fabricated  one  at  a  time  sidecutting 
with  an  1/2  to  3/4  inch  end  mill  at  800-1000  rpm  with  hand  feed.  For  the  specimens  with  holes, 
stacks  of  four  were  cut  with  a  1  and  1/4  inch  diameter  fly  cutter  at  1200  rpm,  with  a  table  speed 
of  2-4  inches/minute.  The  holes  were  produced  as  described  in  Section  4.  The  test  matrix  is 
shown  in  Table  4. 
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Figure  7.  Test  Specimens  without  Holes,  Group  A. 
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Figure  8.  Test  Specimens  Without  Holes.  Group 


SECTION  6 

DOCUMENTATION  OF  HOLE  SURFACE  RNISH 


Surface  roughness  measurements  were  made  using  one  specimen  from  each  group 
(typically  the  21st  specimen  produced).  For  the  shot  peened  specimens,  the  surface  roughness 
was  characterized  for  only  the  Group  3.1  specimens,  as  sufficient  specimens  were  not  available 
for  the  other  specimens  shot  peened  using  different  conditions.  Circumferential  surface 
roughness  nneasurements  were  made  circumferentially  around  the  hole  surface  at  approximately 
half  the  depth  of  the  hole,  and  axial  surface  roughness  measurements  were  made  along  four  lines 
separated  by  90  degrees  parallel  to  the  axis  of  the  hole.  Measurements  were  made  at  the 
Giddings  and  Lewis  Company  Eli  Whitney  Metrology  Laboratory  using  a  Sheffield  Indicorder 
Spectre.  The  hole  surface  roughnesses  are  summarized  in  Tables  S  and  6.  For  a  more  complete 
discussion  of  the  parameters  measured,  see  Reference  79.  It  should  be  noted  that  the 
circumferential  surface  roughness  (which  detects  axial  surface  features)  is  probably  the  most 
important  measurement,  since  axial  features  (such  as  scratches  caused  by  removing  the  drilling 
tool)  reportedly  influence  crack  initiation  and  fatigue  life.  This  agrees  with  intuition  as  cracks 
tend  to  be  purely  axial;  that  is,  they  are  parallel  to  the  thickness  dimension  of  the  material.  Axial 
surface  roughness  (which  detects  circumferential  features)  has  less  of  an  effect  on  fatigue  life  and 
crack  initiation,  as  these  features  are  perpendicular  to  the  axis  of  the  cracks. 

In  terms  of  circumferential  surface  roughness.  Groups  6,  2,  and  1  have  the  lowest 
roughness  averages,  R^,  of  10, 12,  and  12  microinches  respectively;  followed  by  groups  4,  5,  and 
7  for  which  R^  is  35,  40,  and  58  microinches  respectively;  the  roughest  holes  are  from  Group  8 
with  Rg  =  110  microinches,  and  Group  3  with  R^  =  142  microinches.  Group  6  holes  were  cold 
worked  by  pushing  a  vaseline  lubricated  tapered  oversize  pin  through  the  hole.  This  apparently 
provides  a  polishing  effect  resulting  in  a  slightly  better  surface  finish  than  he  drilled  hole  alone. 
Group  2  holes  were  the  step  drilled  holes.  The  surface  finish  of  these  holes  is  nearly 
indistinguishable  from  the  surface  finish  of  the  Group  1  holes  which  were  drilled  in  one  step. 
Group  4  holes  were  drilled  by  PPG  Industries.  Group  5  holes  were  the  same  as  group  1  except 
they  were  polished  with  toluene.  This  polishing  did  not  result  in  better  surface  finish;  in  fact  the 
surface  finish  of  the  toluene  polished  holes  was  worse  than  the  surface  finish  of  the  unpolished 
holes.  Group  7  holes  were  the  same  as  Group  I  holes  except  that  the  entry  and  exit  of  the  holes 
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e  6.  Summary  of  Hole  Axial  Surface  Roughness  Measurements 


was  radiused.  For  reasons  unknown,  the  surface  finish  of  the  Group  7  holes  is  not  nearly  as  good 
as  that  of  the  Group  1  holes.  They  should  have  been  very  siniilar.  Group  8  holes  were  hand 
drilled  with  a  used  drill  bit  which  explains  the  higher  surface  roughness.  Group  3  holes  were  the 
same  as  Group  7  except  they  were  also  shot  peened,  resulting  in  the  highest  surface  roughness 
of  any  of  the  holes. 


SECTION  7 

TEST  SETUP  AND  METHODS 


Special  grips  were  made  for  this  testing  and  are  shown  in  Figure  12.  The  shoulder 
bolts  used  in  the  specimens  grips  were  torqued  to  40  foot  pounds.  A  special  fixture  was  used 
tc  align  the  specimens  in  the  grips.  The  grip  design  was  marginal  in  terms  of  grip  area  for 
the  tensile  residual  strength  specimens  with  holes,  as  a  number  of  those  specimens  failed  in 
the  grip.  No  problems  with  the  grips  were  experienced  with  the  fatigue  testing.  The  testing 
was  conducted  with  MTS  test  machines.  A  displacement  rate  of  2  inches/minute  was  used  for 
the  tensile  testing,  and  the  tensile  fatigue  tests  were  conducted  at  2  Hz.  The  ratio  of  the 
minimum  load  to  the  maximum  load  was  0.10  (no  compression). 
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Material:  Steel 


Figure  12.  Test  Grip. 


SECTION  8 

TEST  RESULTS/DISCUSSION 


The  results  of  the  residual  strength  testing  of  the  tensile  dogbone  specimens  and  the 
rectangular  specimens  with  holes  arc  shown  in  Table  7.  Typical  stress-strain  curves  for  the 
dogbone  specimens  are  shown  in  Figure  13.  Typical  load  displacement  curves  for  the 
rectangular  specimens  arc  shown  in  Figure  14.  In  contra.st  with  Tayebi  and  Agra  war  .  the 
reduction  in  effective  breaking  stress  was  minimal  for  the  tensile/residual  strength  specimens. 
Elongation  was  markedly  reduced  for  specimens  with  holes.  There  was  minimal  variation  in 
tensile  residual  strength  between  the  hole  designs.  No  tensile  residual  strength  testing  was 
conducted  for  Group  3specimens.  Group  3  specimens  were  not  tested  as  there  were  only  a 
limited  number  available,  and  those  were  dedicated  to  fatigue  testing. 

The  results  of  the  fatigue  testing  are  summarized  in  Tables  8,  9,  and  10.  A  composite 
plot  of  all  of  the  fatigue  data  is  shown  in  Figure  15.  Plots  for  each  of  the  individual 
specimen  designs  are  shown  in  Figures  16-24.  The  maximum  .stres.s  reported  on  the  tables 
and  graphs  is  gross  stress,  not  net  stress. 

Fatigue  testing  of  the  dogbone  specimens  produced  some  unusual  results  in  ii  e  8.5  ksi 
down  to  the  5.5  ksi  region.  In  this  region,  the  life  (cycles  to  failure)  is  nearly  constant  and 
may  even  be  slightly  shorter  for  some  of  the  lower  stresses.  In  addition,  the  majority  of  the 
specimens  in  this  region  did  not  fail  in  the  gage  length.  The  shape  of  the  S-N  curve  for  the 
dogbone  specimens  is  similar  to  those  reported  for  polycarbonate  from  References  14  and  16. 
It  was  suspected  that  the  cause  of  the  unusual  shape  of  the  S-N  curve  and  the  failures  outside 
of  the  gage  length  for  the  dogbone  specimens  was  residual  surface  compressive  stresses  which 
were  caused  by  the  extrusion  process.  Cracks  tended  to  initiate  at  the  specimen  edges  and 
propagate  within  the  specimen.  Cracks  which  initiated  at  a  comer  al.so  tended  to  propagate 
within  the  specimen  and  were  retarded  at  the  surface  (indicating  significant  residual  surface 
compressive  stresses).  A  limited  number  of  specimens  were  annealed  and  tested.  As  was 
expected,  annealing  resulted  in  shorter  fatigue  lives,  the  vertical  portion  of  the  S-N  curve 
disappeared,  and  the  specimens  all  failed  within  the  gage  length. 


Figure  13.  Typical  Stress  Strain  Curves  for  Tensile  Dogbone  Specimens. 


Figure  14.  Typical  Load  Displacement 


TABLE  8 

FATIGUE  LIFE  (CYCLES  TO  FAILURE)  FOR  DOGBONE  SPECIMENS 
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MAXIMUM  STRESS 
(KSI) 

GROUP A 

GROUP  B 

GROUP 0 

GROUP 9 

9.60 

50 

9.50 

55 

9.50  ANNEALED 

2492 

9.25 

167 

9.00 

179 

294 

328 

406 

9.00  ANNEALED 

2599 

2092 

8.75 

381 

562 

613 

8.75  ANNEALED 

2126 

8.60 

23519 

8.50 

34497 

24955 

8.40  ANNEALED 

2989 

1592 

2620 

2723 

1896 

8.40 

25680 

27471 

27948 

13576 

8.00  ANNEALED 

2450 

2512 

8.00 

26229 

26357 

17462 

6559 

13632 

7.50 

22650 

24984 

7.00 

14788 

22943 

8745 

6.50  ANNEALED 

5972 

6.00 

19909 

5.50 

21948 

20035 

"Too 

18877 

36885 

5.00  ANNEALED 

14352 

4.50 

31784 

4.00 

50749 

53979 

3.50 

77559 

3.50  ANNEALED 

46441 

3.25 

52052 

121811 

3.00 
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28690 
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TENSILE  FATIGUE  OF  PC  WITH  NO  HOLE 


Figure  16.  Tensile  Fadgue  of  PC  with  No  Hole. 


TENSILE  FATIGUE  OF  GROUP  1 


Figure  17.  Tensile  Fatigue  of  Group  1  Specimens  With  Holes. 


TENSILE  FATIGUE  OF  GROUP  2 


Figure  18.  Tensile  Fatigue  ol  Group  2  Specimens  With  Holes. 


TENSILE  FATIGUE  OF  GROUP  3 


Figuse  19.  Tensile  Fadgue  of  Group  3  Specimens  With  Htries. 


TENSILE  FATIGUE  OF  GROUP  4 
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Figure  20.  Tensile  Fadgue  of  Group  4  Specimens  With  Holes. 
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Figure  22.  Tensile  Fatigue  of  Group  6  Specimens  With  Holes 
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Figure  23.  Tensile  Fatigue  of  Group  7  Specimens  With  Holes. 


TENSILE  FATIGUE  OF  GROUP  8 


Figure  24.  Tensile  Fatigue  of  Group  8  Specimens  With  Holes. 


The  hole  fabrication/treatment  techniques  evaluated  in  this  program  are  listed  below  in 
order  of  fatigue  performance,  with  the  high  cycle  fatigue  at  1.2S  ksi  maximum  stress  as  the 
criteria,  and  the  best  technique  listed  first. 

(1)  Group  6  -  Cold  working 

(2)  Group  2  -  Step  drilling 

(3)  Group  1  -  Drilling  with  new  drill,  one  step 

(4)  Group  4  -  PPG  Hole  Drilling 

(5)  Group  8  -  Hand  drilling 

(6)  Group  7  -  Radiused  entry  and  exit 

(7)  Group  5  -  Polishing  with  toluene 

Group  3,  the  shot  peened  holes,  are  not  included  as  no  specimens  were  tested  at  1.25  ksi. 
Group  3  would  most  likely  perform  similarly  to  Groups  1,  4,  and  8.  Examination  of  the  shot 
peened  results  in  Table  10  indicates  that  higher  intensities  and  pressures  may  result  in  better 
fatigue  performance.  Higher  intensities  and  pressures  would  be  expected  to  result  in  higher 
and/or  deeper  induced  residual  stress  in  the  vicinity  of  the  hole.  The  results  of  the  fatigue  testing 
of  shot  peened  specimens  seems  to  indicate  that  at  low  pressures  and  intensities,  shot  peening 
results  in  some  degradation  due  to  roughening  of  the  hole  surface.  With  increased  pressure  and 
intensities,  this  roughening  increases  with  minimal  cold  working,  resulting  in  continued  decrease 
of  fatigue  properties.  Eventually,  this  trend  changes  and  fatigue  life  starts  to  improve  with 
increased  pressure  and  intensity  as  the  induced  favorable  residual  compressive  stresses  start  to 
overcome  the  degradation  induced  by  increased  surface  roughness.  In  addition,  surface  roughness 
most  likely  peaks  out  a  some  point,  and  does  not  increase  with  additional  shot  peening  (this  is 
a  hypothesis  based  on  the  author’s  experiences  with  salt  blasting  of  plastics  and  no  testing  was 
conducted  in  this  program  to  confirm  this).  Group  7,  with  radiused  hole  entry  and  exit,  did  not 
perform  well,  it  appears  that  removal  of  the  extra  material  to  create  the  radius  decreases  fatigue 
life.  Polishing  with  toluene,  as  with  group  5,  did  not  perform  well.  Careful  hole  drilling  appears 
to  be  a  much  safer  way  of  obtaining  good  surface  finish  than  chemical  polishing  after  drilling. 
Based  on  these  test  results,  a  carefully  machined  hole  which  is  cold  worked.  Group  6,  has  a 
fatigue  life  of  2  to  as  much  as  6  times  the  fatigue  life  of  a  hand  drilled  hole.  This  represents  a 
considerable  improvement. 
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It  is  important  to  note  that  depending  on  the  stress  level  chosen  to  evaluate  the  different 
techniques,  the  ranking  would  change.  None  of  the  techniques  chosen  were  optimized,  and 
optimization  could  easily  change  the  ranking.  Also,  testing  more  ^>ecimens  at  each  stress  level 
would  result  in  improved  definition  of  individual  S-N  curves,  resulting  in  more  exact 
discrimination  between  different  hole  fabrication/treatment  techniques. 

The  effects  of  surface  fini^  on  fatigue  life  can  not  easily  be  discerned  from  this  testing. 
As  noted  in  Section  3.  surface  finish  is  only  one  factor  influencing  fatigue,  residual  strength,  etc. 
The  hole  fabrication/treatment  techniques  evaluated  in  this  report  did  not  concentrate  on  surface 
finish  alone.  Comparing  specimen  groups  with  drilled  holes  (and  no  other  post-fabrication 
treatment).  Groups  2,  1,  4,  and  8  have  increasing  surface  roughness,  with  Group  2  holes  being 
the  smoothest  and  Group  8  the  roughest,  and  Groups  2,  1.4,  and  8  have  decreasing  fatigue  life, 
with  Group  2  having  the  longest  lives,  and  Group  8  the  shortest.  There  does  appear  to  be  a 
correlation  between  surface  roughness  and  fatigue  life  for  specimens  which  were  drilled  (with 
no  other  post-fabrication  treatment),  with  the  smoother  holes  having  the  longest  lives. 


'M 


SECTION  9 

CONCLUSIONS/SUMMARY 

A  number  of  different  potential  hole  fabrication/treaunent  techniques  were  identified. 
Eight  of  these  were  chosen  for  tensile  residual  strength  and  tensile-tensile  fatigue  evaluation  in 
this  program.  The  differences  in  tensile  residual  strength  for  the  specimens  with  holes  were 
minimal.  While  no  attempt  was  made  to  optimize  the  hole  fabrication/treatment  techniques,  there 
was  a  fair  amount  of  spread  in  fatigue  performance  for  the  techniques  chosen  for  evaluation. 
Fadgue  life  varied  by  as  much  as  a  factor  of  10  between  the  best  technique,  cold  working,  and 
the  worst,  chemical  polishing.  In  addidon  to  cold  working,  opdmized  hole  drilling  and  shot 
peening  also  show  promise  for  improvements  in  fatigue  life.  Based  on  limited  tesdng,  there  is 
a  coireladon  between  surface  roughness  and  fatigue  life  for  specimens  which  were  drilled  (with 
no  other  post-fabricadon  treatment),  with  smoother  holes  having  longer  lives. 

It  should  be  noted  that  the  results  of  this  program  apply  to  extruded  polycarbonate  and 
open  (unloaded)  holes.  Indicadons  are,  from  the  limited  number  of  annealed  specimens  which 
were  tested,  that  annealing  decreases  fadgue  life  by  eliminating  favorable  residual  surface 
compressive  stresses.  The  effect  of  annealing  on  tensile  residual  strength  was  not  evaluated  in 
this  program;  annealing  might  result  in  greater  differences  in  residual  strength  between  the 
different  hole  fabricadon/treatments.  Also,  specimens  with  lug-loaded  holes  may  show  marked 
differences  from  the  results  reported  herein.  Evaluadon  of  some  of  the  parameters  affecdng  hole 
performance,  evaluadon  of  the  hole  fabricadon/treatment  techniques  idendfied  herein  for  lug- 
loaded  holes,  opdmizadon  of  some  of  the  techniques  identified  herein  for  open  holes,  and 
evaluation  of  some  of  the  idendfied  candidate  techniques  for  improving  hole  performance  (which 
were  not  chosen  for  evaluadon  in  this  program)  are  areas  for  additional  research. 
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